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Abstract—In this study, the performance of a twin-shaft Industrial Gas Turbine (IGT) at fouling conditions is simulated through a Simulink model based on fundamental thermodynamics. Engine measurements across a twin-shaft IGT system during compressor fouling conditions were considered to validate this study. By implementing correlation coefficients in the compressor model, it is possible to predict the performance of the IGT system during compressor fouling conditions. The change of compressor air flow and the compressor efficiency in the twin-shaft IGT during fouling conditions is estimated. The results show that the reduction of air flow rate is the dominating parameter in the decrease of power generation in an IGT under fouled conditions. The model can provide an insight into the effect of compressor fouling conditions on system IGT performance. 
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I.	 Introduction 
Compressor fouling is the most common form of engine performance deterioration and it affects all open cycle gas turbines [1]. The level of fouling depends on many factors, the main ones being the level of dirt and particles in the atmosphere, quality of air filtration and, to a certain extent, the power output of the gas turbine, particularly in multiple shaft gas turbines such as considered by this simulator. Compressor fouling occurs because of the deposition of dirt and dust particles on the compressor blades, thus altering the shape of the compressor characteristic. Song et al. [2] proposed an analytical model to investigate the influence of fouling on the performance characteristics of an axial compressor. The authors concluded that the increased surface roughness on the blades during compressor fouling changes the velocity triangles which contribute to the change of the compressor performance map. Tarabrin et al. [3] developed a mathematical model of a progressive compressor fouling using the stage-by-stage method. The analysis was carried out in a compressor GTE-150 LMZ. The authors reported a reduction in air flow by 4.5 percent, pressure ratio by 4 percent, and efficiency by 2 percent. Aker and Saravanamutto [4] reported a linear fouling model to simulate the progressive build-up of contaminants in the compressor by modifying the appropriate stage flow and efficiency characteristics in a stepwise fashion. The objective of this study is to predict the performance of a twin-shaft IGT at fouling conditions using a Simulink model. It is possible to estimate the change or reduction of air flow discharged by the compressor and compressor efficiency during fouling conditions.

II.	Gas Turbine Measurements

Figure 1. Normalised Compressor delivery temperature trend during compressor fouling conditions



Figure 2. Normalised measurements
  





Figure 3. Simulink model [6] for fouling compressor analysis




Sensor measurements in a twin-shaft IGT indicating a performance reduction due to compressor fouling conditions were considered in this study. The measurements comprise physical sensors across the engine; such as temperature, pressure, and rotational speed. The engine was continuously operated as a mechanical drive at steady state conditions for over 83 days from a clean compressor condition to a highly fouled. Fig. 1 shows the normalised temperature measurements of air discharged by the compressor. As the measurements vary during normal engine operation, a moving average filter with a window length of 200 minutes is applied to smoothen the measurements. The temperature increases during the compressor fouling conditions. This phenomenon can be attributed to a decrease in compressor efficiency and a reduction of air flow rate which will be discussed in detail in the analysis of results section. It is well known that the dynamic response of an IGT is non-linear [5]. As a first approximation, linear trends for the sensor measurements (pressure, temperature, rotational speed across the IGT) were considered for this analysis and simulation at fouling conditions. This trend for the compressor exit temperature can be also observed in Fig. 1 which was obtained during the change of air temperature discharged by the fouled compressor. It should be noted that the sudden drop seen in Fig. 1 (roughly at mid-September) is due to a change in the operation of the engine which can be verified from the normalised shaft power and fuel demand depicted in Fig. 2 that drop at the same time.
III.	Simulink Model for Fouling Analysis
Siemens Industrial Turbomachinery, Lincoln, U.K
The Simulink model comprising an IGT and reported by Panov [6] is considered for the analysis and simulation of the IGT system at compressor fouling conditions. The Simulink model simulates the performance of a twin-shaft IGT at optimal conditions (no degradation in components and clean compressor). Air at ambient conditions enters the compressor, fuel in liquid or gas state or both states is mixed together with the compressed air leaving the compressor. The burning of the air-fuel mixture through the combustor produces hot gases that expand across the turbine stages to produce power and drive the compressor through a mechanical system (bearing-shaft). Component maps for each module were implemented in the Simulink modelling architecture. 
The gas path components comprising the gas turbine model have been divided into two groups: gas generator shaft and power turbine shaft. Gas generator comprises the compressor, combustor, compressor turbine and shaft connecting compressor and turbine and involves the thermodynamic process starting from the air intake by the compressor to the hot gas entering the compressor turbine, as shown in Fig. 3. Power turbine comprises the power turbine, interduct, load, and the mechanical shaft connecting the power turbine and load. The model requires as inputs, the load and the ambient conditions (temperature and pressure) for the air entering the compressor. The mathematical equations comprising the modelling architecture to simulate the performance of the IGT have been reported by Panov [6].
The amount of fuel injected into the combustor is regulated through a gas turbine controller. The gas turbine controller takes the rotational speeds and other engine measurements, such as pressure and temperature measurements at different engine stations as input signals. A detailed description of the controller has also been reported by Panov [6].
The analysis requires simulation of the performance of the IGT at fouling conditions over a period of 83 days. The model was converted into a stand-alone executable file using the Simulink Coder toolbox [7]. This Toolbox generates and executes C and C++ code from a Simulink model. The resulting executable file runs independently from the Simulink environment and allows the reduction of the computational time to complete the simulation exercise. For instance, it was possible to simulate 83 days of experimental data in 65 hours’ real time. Some considerations during the development of a Simulink model must be taken into account to create a stand-alone executable file. The use of memory blocks in the Simulink environment are commonly used to break or isolate algebraic loops in Simulink models. However, the simulation could execute slowly when trying to solve the algebraic loop. In addition, algebraic loops are not supported during the C code generation [8]. The use of integrators, which are designed to define differential equations in the Simulink environment, can avoid algebraic loops for the generation of a stand-alone executable file in a C language environment.
IV.	Parameter Estimation for Fouling Analysis
The compressor module requires a map that correlates rotational speed, pressure ratio, mass flow rate, and efficiency. The compressor performance map considered in the modelling architecture represents optimal (clean) conditions. The compressor requires as inputs the rotational speed and the pressure ratio in order to calculate air flow rate and, depending on the efficiency defined in the map, calculates the discharge temperature. Song et al. [2] demonstrated that it is possible to create a compressor performance map at fouling conditions by using analytical relations (velocity triangles) for axial compressors. This study does not consider a fouled compressor map for the analysis; therefore, an empirical analysis, which considers coefficients to reduce air flow discharged by compressor and compressor efficiency, was carried out. Coefficients to reduce air flow and compressor efficiency, as shown in Fig. 4, were introduced in the compressor module to predict the reduction in performance of the IGT at fouling conditions. It was also required to consider the operational decrease in pressure ratio as an input in the compressor module. 
The pressure ratio required as an input in the compressor module is calculated from the pressure drop across the system and the pressure at ambient conditions. This empirical analysis allowed the prediction of the performance of the IGT at compressor fouling conditions. In future work, a fouled compressor map based on an air velocity triangle analysis will be developed to predict the performance of the IGT at different load operating conditions.
The coefficients were estimated by selecting seven measurements along the full range (83 days) of measurements during gas turbine operation in the field. The coefficients that allow reduction in performance of the IGT were estimated through a sophisticated parameter tuning method (Simulink Design Optimization Toolbox [9]). The compressor module shown in Fig. 4 calculates the air flow and compressor efficiency but does not predict values at fouling conditions. 
As previously mentioned the implemented compressor map represents optimal (clean) conditions. To predict the performance of the IGT at fouling conditions, the air flow and compressor efficiency are multiplied by the estimated coefficients. 


Figure 4. Parameters tuned for fouling prediction.
Air flow and compressor efficiency predicted by the compressor module are not constant during IGT system simulation at fouling conditions. Variation of these values is dependent on level of fouling, operating / ambient conditions, and corresponding gas turbine governing. 
V.	Model Validation
Field data from a twin Shaft IGT at fouling conditions were considered to validate the simulated data from the model. The twin shaft IGT was operated at steady-state and partial load conditions during 83 days. The field data as well as the simulated data were normalised with respect to parameters at clean conditions (day 0). Fig. 5 shows the comparison between measured and simulated gas generator rotational shaft speed. The rotational speed in the engine model is calculated from an analysis of conservation of mechanical energy across the IGT system. Torque, angular momentum, and viscous friction acting on the system are considered. The rotational speed of the mechanical system between compressor and compressor-turbine increases with increasing fouling conditions. The measured compressor discharge air pressure was compared with the simulated compressor delivery pressure predicted by the gas turbine model. Fig. 6 shows that the model can predict the decrease of air pressure leaving the compressor at fouling conditions.
The measured compressor discharge air temperature was also compared with temperature predicted by the model. Fig. 7 demonstrates that it is possible to predict the increase in compressor discharge air temperature. The increase in temperature during fouling conditions is related to a decrease in efficiency and air flow. Fig. 6 and Fig. 7 demonstrate that the model can predict compressor discharge parameters (pressure, temperature) of the IGT system.


Figure 5. Comparison between measured and simulated rotational speed in gas generator shaft.

Figure 6. Comparison between measured and simulated pressure of air discharged by the compressor

Figure 7. Comparison between measured and simulated temperature of air discharged by compressor
 The pressure in the interduct that connects the compressor-turbine and the power turbine was also compared with simulated data. Fig. 8 demonstrates that the model can predict the change of interduct pressure at fouling conditions.
The error between measured and simulated data was also calculated. The comparison between measured and simulated data was carried out considering the field data have linear trends as previously discussed. Table I shows that the maximum error is at 1 % at high fouling condition (day 83.28) for interduct pressure. The interduct component aerodynamically connects the compressor-turbine with the power turbine. Similarly, the error for the compressor discharge air temperature has a value of 1 % at high fouling conditions. From Table I, it is noticeable that the error for the pressure and temperature through the compressor increases with increasing fouling conditions on the system from day 0 to day 83.28. The increase in error can be attributed to the fact that a linear trend was considered in the measured data set. The model has been developed from non-linear equations describing physical principles for IGTs [5,6]. The error between field data and simulated data could be reduced if non-linear trends for the field data are considered in the model validation.


Figure 8. Comparison between experimental and simulated interduct pressure




Figure 9. Reduction in air flow and compressor efficiency during fouling conditions

TABLE I. Percentage Error Between Measured and Simulated Data
Days	Pressure after Compressor	Temperature after Compressor	Interduct Pressure	Exhaust Temperature
0	0.3897 %	0.3887 %	0.4944 %	3.3525 %
13.88	0.2619 %	0.5973 %	0.6107 %	2.7162 %
27.76	0.1332 %	0.7281 %	0.7280 %	2.1730 %
41.64	0.0033 %	0.8575 %	0.8098 %	1.6887 %
55.52	0.0440 %	0.9354 %	0.9285 %	1.2628 %
69.4	0.1758 %	1.0125 %	1.0115 %	0.8775 %
83.28	0.1915 %	1.0696 %	1.0745 %	0.6088 %

The next section discusses the calculated air flow and compressor efficiency during fouling conditions.
VI.	Analysis of Results
The air flow rate and compressor efficiency decrease during IGT operation at fouling conditions [3]. The percentages of reduction for air flow and compressor efficiency were calculated by selecting seven points across the full range of measured data. Fig. 9 shows the percentage of reduction for compressor discharge air flow and compressor efficiency from day 0 to day 83. Fig. 9 also demonstrates a more negative reduction in air flow than compressor efficiency.  This is consistent with the results reported by Tarabin et. al. [3]. The ratio between delta flow and delta efficiency (delta_flow/delta_efficiency), which can be calculated from Fig. 9, decreases from day 13.88 to day 83.28. Song et al. [2] concluded that the decrease of power generation in an IGT at highly fouled conditions is attributed mainly to a reduced air flow rate. The reduction in ratio (delta_flow/delta_efficiency) is inversely proportional to the error between experimental and simulated data for temperature after compressor, as shown in Table I.
VII.	Discussion and Recommendation
This is a first attempt to predict the performance of a twin-shaft IGT at fouling conditions using a validated Simulink model [6]. The parameters accounting for reduction in performance were empirically estimated; therefore, the simulated response cannot be applied for a wider operating range. In future work, analytical relations (velocity triangles) for axial compressors will be considered to predict and construct a compressor performance map at fouling conditions. Also, as a first approximation, linear trends representing the change of parameters (pressure, temperature, and rotational speed) across the IGT system were considered. The compressor discharge temperature which can be calculated from non-linear relations is represented as a non-linear response. The increase in error between measured and simulated data for the compressor discharge air temperature could be related to the fact that linear measured data and non-linear simulated data were compared. This will be addressed in future work to predict the evolution of IGT performance at fouling conditions during a longer period (i.e. 6 months) and different ambient conditions (hot/cold, dry/wet).
VIII.	Conclusion
In this study, the performance of a twin-shaft IGT at fouling conditions is predicted through a Simulink Model. Measurements such as temperature, pressure, and rotational speed across an IGT were considered to validate this study. The IGT was continuously operated as a mechanical drive unit at steady state conditions over 83 days from a compressor clean condition to a highly-fouled condition. An empirical analysis based on estimated coefficients from the measurements allowed the prediction of the change in physical parameters of the IGT system at fouling conditions. The results demonstrate that the decrease of power generation and performance in an IGT at highly fouled conditions is attributed mainly to a reduced air flow rate.
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